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Abstract. Precision spectroscopy of light muonic atoms provides unique information
about the atomic and nuclear structure of these systems and thus represents a way to
access fundamental interactions, properties and constants. One application comprises the
determination of absolute nuclear charge radii with unprecedented accuracy from measurements
of the 2S - 2P Lamb shift. Here, we review recent results of nuclear charge radii extracted from
muonic hydrogen and helium spectroscopy and present experiment proposals to access light
muonic atoms with Z ≥ 3. In addition, our approaches towards a precise measurement of the
Zemach radii in muonic hydrogen (µp) and helium (µ3He+) are discussed. These results will
provide new tests of bound-state quantum-electrodynamics in hydrogen-like systems and can
be used as benchmarks for nuclear structure theories.
1. Introduction
In 1911, E. Rutherford resolved the internal structure of the atom for the first time [1], initiating
nuclear physics. Since then, the investigation of nuclear properties of the (lightest) elements has
been crucial for our understanding of fundamental processes in nature. For example, it turned
ar
X
iv
:1
80
8.
07
24
0v
1 
 [p
hy
sic
s.a
tom
-p
h]
  2
2 A
ug
 20
18
out that nuclear masses can provide detailed information about the stellar nucleosynthesis or
neutrino physics [2, 3, 4]. In parallel, the size of the atomic nuclei, i.e. the root mean square (rms)
charge radii, has established itself as a key parameter for tests of nuclear structure calculations
[3], QED calculations [5, 6] and for the extraction of fundamental constants such as the Rydberg
constant [7, 8, 9, 10]. Furthermore, it plays a crucial role for the explanation of the composition
of nucleons inside a nucleus, leading to a number of cluster models (see e. g. [11]) or to the
concept of halo nuclei [12, 13].
At present, three complementary techniques are applied to obtain nuclear charge radii: elastic
electron scattering [14, 15, 16, 17], high-precision laser spectroscopy of isotope shifts in regular
atoms [3] and X-ray spectroscopy of muonic atoms [18, 19]. Traditionally, elastic electron
scattering has been the method of choice to determine the internal structure of nuclei. Hereby,
the elastic scattering on the target nucleus is described by form factors included in the theoretical
expression of the scattering cross section, which provide detailed information about the electric
charge and the magnetic distributions inside the nucleus. Hence, they are used to determine
absolute rms nuclear charge rE and magnetic rM radii, typically with uncertainties of a percent or
slightly better [17, 20, 21, 19]. Nowadays, scattering experiments using muons as a projectile are
under construction [22, 23]. By a simultaneous determination of electron and muon scattering
form factors, those experiments will allow a precise test of the lepton universality and thus will
contribute to the so-called proton radius puzzle [24, 25, 26] in the near future.
Additionally, in the last two decades, laser spectroscopy of isotope shifts in regular atoms
has proven to be a powerful tool for the determination of nuclear charge radius differences
[3, 27]. In addition to the most common technique of collinear laser spectroscopy [28],
sophisticated methods such as two-photon or trap-assisted laser spectroscopy paved the way
for the determination of charge radii of various elements including rare, short-lived isotopes
[29, 30, 31]. However, except for hydrogen-like atoms [7, 32], theory is not yet precise enough
to extract absolute charge radii from laser spectroscopy of atoms. Thus in contrast to electron
scattering, only the difference of squared charge radii can be determined from isotope shift
measurements, and one anchor nucleus with known size is required to calculate absolute charge
radii from the differences.
X-ray spectroscopy of muonic atoms has for a long time been used to determine absolute
charge radii for nuclei above carbon [19]. In addition to that, in 1975 a direct measurement of
the 2S -2P Lamb shift in muonic atoms via laser spectroscopy was proposed to be ideally suited
for the determination of the size of the lightest nuclei (Z ≤ 5) [33]. The simple structure of these
systems, a single muon orbiting a bare nucleus, allows for the determination of absolute charge
radii with unprecedented accuracy. Having 207-times the electron mass, the muon spends more
time inside the nucleus (enhanced overlap between the muon and the nucleus wave function)
and thus acts as a sensitive probe for nuclear effects.
As summarized in Fig. 1, laser spectroscopy of the Lamb shift in light muonic atoms has been
used to extract absolute charge radii of the proton (µp) [24] and the deuteron (µd) [8] (values
printed in italic). All other values presented in Fig. 1 result from either electron scattering
or laser spectroscopy using regular atoms. As can be seen for hydrogen, the muonic values
deviate by more than 5σ from the CODATA-2014 value [34], which includes data from hydrogen
spectroscopy and electron scattering. This discrepancy is known as the proton radius puzzle.
The result has triggered many new activities in the field, which are partially addressed in Sec. 4 -
5. Results from the measurement of the Lamb shift in the two stable helium isotopes (µ3He+
and µ4He+) will be published soon.
In this report we briefly review the results of nuclear charge radii of the lightest elements and
present novel approaches to extend the laser spectroscopy experiments of muonic systems to the
elements of lithium and beryllium. In addition, we focus on the determination of the Zemach
radius of the proton and helion by precision spectroscopy of the ground-state hyperfine splitting
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Figure 1. A section of the table of nuclides including current literature values for the
nuclear charge radii of the individual isotopes. The values printed in italic are extracted from
muonic atom spectroscopy, whereas all other values result from either electron scattering or laser
spectroscopy on regular atoms or both (CODATA-2014 values [7]). All values are given in fm.
in muonic hydrogen (µp) and muonic helium (µ3He+) and discuss the current stage of future
experiments.
2. Hydrogen
2.1. Nuclear charge radii
In atomic physics convention, the rms nuclear charge radius rE of the proton is defined as
〈r2E〉 = −6
dGE
dQ2
∣∣∣
Q2=0
(
∼
∫
ρE(r)r
2d3r
)
, (1)
where GE is the Sachs electric form factor of the nucleus, Q
2 is the negative of the square of the
four-momentum transfer and ρE(r) is the charge density distribution of the nucleus. Historically,
the Sachs electric form factor in Eq. 1 has been introduced as an extension of the photon-nucleus
vertex in the Dirac theory to account for the finite size of the nucleus (see e.g. [35]). Starting
from the modified interaction potential [35]
δV (r) = VC(r)− V ptC (r) = −4piα
∫
d3Q
(2pi)3
(GE(Q
2)− 1)
Q2
e−iQ·r, (2)
where V ptC (r) ∼ 1/r is the Coulomb potential and VC(r) the potential caused by the finite
size distribution, we immediately obtain the energy level shift of the atomic S-states with the
corresponding wavefunction ΨS caused by the finite size effect
∆E = 〈ΨS | δV |ΨS〉 = 2
3
piα|ΨS(0)|2r2E. (3)
Hereby, a Taylor expansion of the electric form factor
GE(Q
2) =
∫
eiQrρE(r)d
3r ≈
∫ (
1 + iQr− (Qr)
2
2
+ ...
)
ρE(r)d
3r (4)
= 1− 1
6
Q2r2E +
1
24
Q4r4E + ... ≈ 1−
1
6
Q2r2E (5)
has been used.
2.1.1. Hydrogen 11H
Up to the year 2010, the nuclear charge radius of the proton has been extracted solely from either
hydrogen spectroscopy or from electron scattering. Current literature values determined from
both methods (hydrogen spectroscopy: r
1H
E = 0.8764(89) fm, CODATA-2014 [7] and electron
scattering: r
1H
E = 0.8775(50) fm [7, 36]) agree within their uncertainties. However, they deviate
from the value determined from laser spectroscopy of the exotic muonic hydrogen atom µp
(r
1H
E = 0.8409(4) fm) [24]. Several ideas to explain this discrepancy have been discussed in the
meantime [37, 38, 39, 25, 40, 41] and gave rise to a re-evaluation of electron scattering data
[36, 42, 43]. One problem could originate from the determination of the Rydberg constant [8]
from hydrogen spectroscopy and indeed a recent measurement of the Rydberg constant in
ordinary hydrogen performed in Garching [9] suggested a smaller value for the Rydberg constant
and hence a smaller proton radius (r
1H
E = 0.8335(95) fm). Although this value perfectly matches
the muonic hydrogen measurements, a more recent measurement of the 1S - 3S transition in
hydrogen (r
1H
E = 0.877(13) fm) [10] has confirmed the large proton radius. Obviously, more data
is needed in order to shed light on the proton radius puzzle in the near future.
2.1.2. Deuterium 21D
Interestingly, the same discrepancy does also occur for the deuteron, a two-nucleon system (one
proton and one neutron). The charge radius extracted from a muonic deuterium measurement,
r
2D
E = 2.1256(8) fm, [34] is 5σ smaller than the CODATA-2014 value of r
2D
E = 2.1413(25) fm.
The result reinforces the discrepancy that appears for the proton. This becomes clear if one
compares the charge radii with the one obtained from the results of the isotope shift measurement
of the 1S - 2S transition in hydrogen and deuterium [44, 45]. By adding the mean-square charge
radii difference of the deuteron and the proton,〈r2〉2DE − 〈r2〉
1H
E = 3.82007(65) fm
2, to the proton
radius from muon spectroscopy one obtains r
2D, iso
E = 2.1277(2) fm [46]. This value is in fair
agreement with the value from muonic deuterium and hence demonstrates the consistency of
the muonic measurements.
Recent theoretical calculations [47] of the three-photon exchange corrections to the nuclear
structure yielded an updated value for the difference of the mean-squared deuteron and proton
charge radii of 〈r2〉2DE − 〈r2〉
1H
E = 3.82070(31) fm
2, from which a more precise value for
r
2D, iso
E = 2.1278(2) fm was obtained.
2.1.3. Tritium 31T
Tritium, the heaviest atomic system in the isotopic chain of hydrogen, is composed of a proton
and two neutrons and thus represents a three-nucleon system. However, among the lightest
elements, its charge radius (r
3T
E = 1.755(86) fm) measured by electron scattering reached an
accuracy of only 5 % [48]. Precision laser spectroscopy of the 1H - 3T isotope shift of the 1S - 2S
transition could be used to improve this value by at least two orders of magnitude [27]. In
combination with the charge radius of its mirror nucleus 3He, a distinct improvement of the
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Figure 2. Left: Schematic drawing of the planned apparatus for laser spectroscopy of tritium.
Cold atoms escape from a cryogenic nozzle at 4.2 K. The slow tail of the Maxwell-Boltzmann
distribution (yellow) is guided by a magnetic multipole field and injected into a magnetic trap
of 0.4 T. Here, the atoms collide with a cold lithium sample provided by a magneto-optical trap
(MOT), which acts as a cold target for buffer gas cooling inside the magnetic trap. Right:
Simulated trapping efficiency as a function of the density of the lithium MOT at a given
magnetic trap depth of 0.5 T, using the cross sections of [53] for H - Li collisions. Above a
density of 1010 atoms per cm3 a significant amount of tritium atoms should be trapped. Note
that compared to H - Li scattering the trapping efficiency for T - Li increases, due to the more
favourable mass ratio.
tritium charge radius could be used for tests of nuclear structure calculations of three-nucleon
(3N) forces [49, 50] and would allow for precision studies of isospin effects [51, 52].
In order to provide an improved value for the charge radius of tritium, the Pohl group at the
Johannes Gutenberg-University of Mainz aims to perform a high precision laser spectroscopy
measurement on an atomic cloud of regular tritium confined in a magnetic potential. The idea
exploits the fact that enhanced cooling of trapped hydrogen by a cold lithium target should
be feasible, as suggested by calculations [53]. DeCarvalho and coworkers had suggested this
method [54] to improve cooling of H atoms trapped using superfluid He, but this method is not
applicable for T atoms [55]. This prompted us to consider a dense Li MOT as a cold buffer gas
for cooling and trapping of cold T atoms from a 5 K nozzle [56]. The fundamental design of
our apparatus is presented in Fig. 2. A cryogenic source is used to provide a cold atomic beam.
Subsequently, a magnetic multipole guide is used to select the low-velocity part of the beam and
to direct the atoms towards a magnetic minimum trap of 0.4 T. Inside the trap, an ensemble
of about 1010 lithium atoms serves as a cold target, leading to an immediate energy reduction
and trapping of the tritium atoms. The s-wave scattering cross sections for collisions of tritium
and lithium are assummed to be similar to the ones for hydrogen and lithium, which have been
calculated in [53] and they appear to be hundred times larger than for H - H scattering. Based
on these values for the scattering cross sections, we have performed theoretical calculations of
the stopping process. The results show that an atom density for lithium of about 1010 atoms
per cm3 should be sufficient for the presented approach. As a final step, the lithium atoms are
removed from the trap, before a precision measurement on tritium can be performed. With this
method, we aim to determine the charge radius of tritium with an 300-fold improved precision.
2.2. Nuclear Zemach radii
The nuclear magnetic and electric form factors can be measured directly from electron-proton
scattering. On the atomic physics side, however, the magnetic spin-spin interaction between
the nucleus and the orbiting lepton gives rise to the hyperfine splitting (HFS). As first noted
by Zemach [57], the relevant nuclear structure parameter deduced from the HFS is the so-called
Zemach radius. It is defined as the convolution of the electric and magnetic form factors, GE
and GM respectively,
rZ = − 4
pi
∫ ∞
0
dQ
Q2
(
µN
µX
GE(Q
2)GM(Q
2)− 1
)
(6)
or, non-relativistically, a convolution of the charge ρE(r) and magnetization ρM(r) density
rZ =
∫
|r|d3r
∫
ρE(r− r′)ρM(r′)d3r′. (7)
In Eq. 6 we have used the nuclear magneton µN and the magnetic dipole moment of the nucleus
of investigation µX.
Experimentally, the proton’s Zemach radius can be determined through a measurement of
the form factors or via the hyperfine splitting ∆EHFS (1S-HFS) in either hydrogen or µp. The
ground-state HFS of muonic hydrogen can be summarized as [58]
∆EthHFS = 183.978(16)− 1.287 rZ [meV], (8)
where rZ is expressed in fermi. This value is in good agreement with the one based on
Ref. [59] 1,
∆EthHFS = 183.967(21)− 1.287 rZ [meV]. (9)
The uncertainty of the first terms is arising mainly from the uncertainty of the polarizability
contribution [60, 61, 62, 63, 64, 65, 66, 67, 68]. The contributions from QED [35], weak [69]
and hadronic vacuum polarization [70, 59] are also included in the first terms. Meson exchange
contributions [71, 72, 73, 74] have been discussed. These contributions are however already
included in the two photon exchange contributions computed dispersively [75, 76, 77].
A measurement of the Zemach radius on the 1 % level or better will influence two aspects of
fundamental physics: nuclear structure theory of the simplest nuclei as well as tests of bound-
state QED. The latter results from the fact that the theoretical prediction of the 1S-HFS in
e. g. hydrogen (21 cm line) is currently limited by the proton structure [35],
νtheo = 1 420 403.1(6)proton size(4)pol kHz, (10)
whereas the experimental value has been determined to 12 digits already in the 1970’s [78],
νexp = 1 420 405.751 766 7(10) kHz. (11)
Recent determinations of the Zemach radius from atomic hydrogen yield values of r
1H
Z =
1.037(16) fm [79] and r
1H
Z = 1.047(16) fm [80], respectively. The value determined from electron
scattering experiments was found to be r
1H
Z = 1.086(12) fm [81]. Later this value was re-measured
(r
1H
Z = 1.045(4) fm [82]), showing a good consistency with the hydrogen data (see Fig. 3). In
2013, a first value of the Zemach radius (r
1H
Z = 1.082(37) fm) was individually extracted from
laser spectroscopy of the 2S - 2P transition in muonic hydrogen [34, 83]. In order to improve
the value for the Zemach radius, a direct measurement of ∆EHFS1S is foreseen by different groups
[84, 85, 86, 87] using muonic hydrogen spectroscopy.
1 Eq. (9) was obtained from the values given in [59] and assuming a proton Zeemach radiuis of r
1H
Z = 1.045(4) fm
[82]. Hereby we conservatively assumed that the uncertainty of the polarizability contribution (included in the
first term in Eqs. (8) and (9)) is equal to the uncertainty of the total TPE of [59].
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Figure 3. Zemach radius of the proton extracted from hydrogen spectroscopy (blue) [79, 80],
electron scattering data (green) [81, 82] and from laser spectroscopy of the 2S - 2P transition in
muonic hydrogen (red) [34, 83].
2.3. CREMA collaboration - experiment proposal
As already described in [87], we propose to measure the proton Zemach radius at the Paul
Scherrer Institute (PSI), Switzerland, on a 0.25 % level, assuming that the polarizability
contribution δpol can be improved to a 5 % relative accuracy. The underlying measurement
scheme can be divided into three steps (see Fig. 4): i) formation and de-excitation of muonic
hydrogen in the F = 0 ground-state, ii) laser excitation which results in a population transfer
to the F = 1 state and iii) detection of fast de-excited muonic hydrogen by muon transfer from
µp to high-Z muonic atoms in the target walls. In step i), muons with an initial momentum
of about 10 - 12 MeV/c are degraded in a 30µm thick plastic scintillator acting as an entrance
detector. Subsequently, after passing a thin titanium window, about 20 % of the incoming muons
are stopped inside a 2 mm long hydrogen gas target [88].
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Figure 4. Sketch of the experimental scheme for the 1S-HFS spectroscopy in muonic hydrogen.
After stopping the muons inside the gas target, highly excited muonic hydrogen is formed
followed by a prompt muonic cascade to the 1S state. Rapid collisional quenching of the F = 1
state [89] leads to a population of the ground-state (F = 0) in muonic hydrogen in about 200 ns.
About 1.5µs after the muons have entered the target region, a high-intensity laser pulse at 6.7µm
(∼ 0.184 eV) with a pulse energy of about 3 mJ is used to drive the ground-state transition (step
ii)). On resonance, the muon is transferred into the upper hyperfine state (F = 1). Fast collisions
with the surrounding hydrogen gas molecules causes again a de-excitation into the ground state.
In this process, about 0.1 eV of the HFS transition energy of 0.185 eV is converted into kinetic
energy of the muonic atom [89].
In step iii), these fast muonic hydrogen atoms propagate towards the target walls [90], that are
coated with high-Z material. At the wall the muon is transferred to the high-Z atom (e. g. Au)
forming a high-Z muonic atom in an excited state. This transfer process is monitored via
scintillators by the detection of X-rays emitted during the de-excitation of µZ. By repeating steps
i)-iii) for different laser frequencies a resonance curve is obtained. The number of background
events caused by the diffusion of non-excited muonic atoms to the target walls is minimized by
cooling the target to about 30 K.
3. Helium
3.1. Nuclear charge radii
It’s been now more than a decade ago since the first measurements of the nuclear charge radii
of the neutron-rich isotopes 6He [29] and 8He [31] have led to a profound understanding of the
nuclear structure in the isotopic chain of helium [3]. Based on new input from a direct mass
measurement of these halo nuclei, the charge radii published in [29, 31] have been re-evaluated in
2012 [91], yielding r
6He
E = 2.060(8) fm and r
8He
E = 1.959(16) fm, respectively. Here, the absolute
charge radius of the stable 4He isotope is used as a reference (r
4He
E = 1.681(4) fm) [92, 104]. It
is extracted from electron scattering data just as the charge radius of the lighter stable helium
isotope 3He (r
3He
E = 1.973(14) fm) [104].
In the near future new absolute values for the charge radii of the stable helium isotopes will
be available from our muonic helium spectroscopy [94]. The underlying theoretical framework
needed to extract the charge radii from the 2S - 2P Lamb shift in helium is summarized in
[95, 96]. The charge radii will be determined with a precision improved by an order of magnitude,
compared to the current literature values. The results will give new insights into the proton
radius puzzle and can be used as benchmarks for advanced nuclear structure calculation [97],
especially of 3N forces. Further it can be used as an independent value for the mean-square
charge radii difference of both stable isotopes. This value will help to resolve the discrepancy
between different measurements in electronic helium [98, 99, 100, 101, 102, 103].
3.2. Nuclear (magnetic) Zemach radius of 3He
The Zemach radius of 3He has been deduced from elastic electron-helium scattering. Its value
is r
3He
Z = 2.528(16) fm [104]. Based on this value, a prediction of the 1S-HFS ground-state
transition energy can be made. However, there are no theoretical predictions for the HFS
polarizability in µ3He+ (see e.g. [79, 105]) so far, leading to only a rough estimate of the transition
wavelength of about 930 nm.
3.3. CREMA collaboration - experiment proposal
A way to determine the Zemach radius of the helion with high precision could be by measuring
the ground-state HFS in the muonic ion (µ3He+) [87]. However, the method described in Sec. 2.3
cannot be applied to µ3He+, because collisional de-excitation is negligible for this system [106].
In contrast, our approach to measure the 1S-HFS in µ3He+ relies on the muon decay asymmetry
method also applied to µH by the J-PARC collaboration [107]. In brief, a muon beam is stopped
inside a 3He gas target, whereby µ3He+ is formed (step i) in Fig. 5). The target section used
here is quite similar to the one of the CREMA Lamb shift experiment [24]. Once the muons are
decayed into the ground state, a laser pulse at 930 nm is used to drive the ground-state hyperfine
transition, inducing an imbalance of the populations of the Zeeman sub-levels. In step iii), the
emission of the electron decay occurs anti-parallel to the spin orientation of the muon due to
laser beam 
helium target (~50 mbar) 
µ- 
i) formation of muonic 3He ii) laser excitation iii) detection of µ-decay electrons 
He target 
entrance 
detector 
cavity µ3He+ scintillators 
+1 –1 
mF = 0 
µ3He+ 
0 
σ- σ- 
e- 
muon decay 
time 
co
un
ts
 
iv) expected signal 
Figure 5. Sketch of a possible experimental scheme for the 1S-HFS spectroscopy in muonic
helium. In iv), the expected time spectrum for the muon decay asymmetry is shown.
the parity violation in the muon decay. On resonance, this leads to an asymmetric decay signal
(see Fig. 5 iv)) in a pair of scintillator detectors, which are mounted around the target region.
A resonance curve is obtained by plotting the asymmetry as a function of the laser frequency.
4. Lithium
4.1. Nuclear charge radii
Lithium has two naturally occurring isotopes, 6Li and 7Li, and three short-lived isotopes on
the neutron-rich side of the nuclear chart. Due to its rather simple level structure (1s22s) it
represents an ideal candidate for many high-precision laser spectroscopy experiments [109, 110]
including quantum interference studies [111]. The neutron-rich isotopes 8, 9, 11Li have been
synthesized at e. g. TRIUMF, Vancouver or GSI, Darmstadt, and investigated using two-photon
laser spectroscopy in combination with RIMS (resonant ionization mass spectrometry) to yield
precise values for the isotope shifts [30, 112, 113]. As reviewed in [21], the current literature values
for the absolute charge radii of the lithium isotopes 7, 8, 9, 11Li (see Fig. 1) were determined relative
to the anchor nucleus 6Li (r
6Li
E = 2.589(39) fm), which has been been obtained from elastic
electron scattering data. The uncertainty of the reference isotope represents the dominating
contribution to the uncertainty of the charge radii of all other lithium isotopes. Therefore, a
new absolute value for the charge radius is required in order to get new insights into the internal
nuclear structure of lithium, which for e. g. the halo nuclei 11Li is not fully understood [21].
Laser spectroscopy of the Lamb shift in muonic lithium (µ6Li2+ or µ7Li2+) could provide a new
reference value with an improved accuracy of about an order of magnitude only limited by the
calculated value of the nuclear polarizability. The theoretical background and the concept of
the planned experiment is described in the following.
4.2. Theory
First accurate calculations of the Lamb shift and fine-structure splitting of muonic atoms with
Z ≥ 3 were performed already in the eigthies by Drake et al. [114, 117]. These calculations were
recently improved by Krutov et al. [118]. As an example, Fig. 6 shows the level scheme of the
2S - 2P transitions in µ6Li2+. Due to the finite size effect, the transition wavelength of the Lamb
shift exhibits a strong dependence on the size of the nucleus, as shown in the right part of Fig. 6.
Transition wavelengths can be found in the yellow (∼ 600 nm) and infrared regime (∼ 1000 nm).
The linewidth Γ2Pν of these transitions is to lowest order given by [117]
2
Γ2Pν = 4.124× 10−4
mred
me
Z4 [meV], (12)
where mred/me is the ratio of the reduced mass of the muonic atom and the electron mass. For
µ6Li2+ we find mred/me = 202.940 and thus Γ
2P
ν = 1.64 THz, which corresponds to a linewidth
of about 1.4 nm (5.5 nm) at 600 nm (1000 nm).
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Figure 6. Left: Level scheme of the 2S → 2P transitions in muonic lithium. Right:
Corresponding transition wavelengths as a function of the rms nuclear charge radius of 6Li.
The y-axis spans a ± 2σ interval of r6LiE = 2.589(39) fm. The calculations are based on the
values presented in [117]. The transitions are color coded according to their 2S1/2 F-state.
The lifetime of the (metastable) 2S state in µ6Li2+ is 830 ns, determined by the 2-
photon decay rate of 1.65 · 103 × Z6 s−1 [114]. This is long enough to drive the Lamb shift
transition[115, 116]. For comparison, the laser system used for the muonic hydrogen and helium
experiments produced laser pulses of about 300 ns after a muon trigger. In addition, based on
the 2S - 2P transition probabilities, we have calculated the saturation fluence Fsat that is required
to drive the individual transitions for all light muonic atoms. Since Fsat scales with m
3
redZ
6,
the saturation fluence of the strongest transition in µ6Li2+ (2S
F=3/2
1/2 → 2P
F=5/2
3/2 ) is found to
be 17.4 J/cm2. This can easily be achieved using the existing Yb:YAG pump laser system [116].
To complete the picture, the properties of the strongest transitions of µ7Li2+ and µ9Be2+ are
listed in Tab. 1 accordingly.
4.3. Concept of an experimental apparatus
One of the main challenges for laser spectroscopy experiments with muonic systems above Z ≥ 3
is the preparation of a dense, gaseous target from a solid. Such a target could be realized, at
least for lithium, by the use of a compact hot vapor cell [121, 122, 123], which is embedded in
the 5 T solenoid of the low-energy muon beamline [124, 125]. A sketch of the proposed target
section including the non-destructive muon detection system is depicted in Fig. 7. Here, only
a brief description of the muon detector is given. Inside a first stack of ring electrodes muons
with a kinetic energy of 20 keV - 40 keV are forced to traverse several layers of ultra-thin carbon
foils (few µg/cm2), acting as both a moderator and as an electron source. The trajectory of
2 Please note the corrected pre-factor in Eq. 12.
Table 1. 2S → 2P transition properties of light muonic atoms. Only the strongest transitions
are presented. The linewidth Γ2Pν , the reduced mass mred, the nuclear spin I, the laser saturation
fluence Fsat, the lifetime of the 2S state τ2S and the transition wavelength λ are given.
† Limited
by collisional quenching at 1 mbar gas pressure [119]. ‡ Only slightly affected by quenching at
ion gas pressure [120].
isotope transition Γ2Pν (GHz) mred/me I Fsat (J/cm
2) τ2S (ns) λ (nm)
µ1H 2SF=11/2 → 2PF=23/2 18.5 185.8 1/2 0.0165 1000† ∼ 6010
µ2D 2SF=21/2 → 2PF=33/2 19.5 195.7 1 0.0165 1000† ∼ 5900
µ3He+ 2SF=01/2 → 2PF=13/2 318 199.2 1/2 1.11 1700‡ ∼ 860
µ4He+ 2SF=11/2 → 2PF=23/2 321 201.1 0 1.11 1700‡ ∼ 810
µ6Li2+ 2S
F=3/2
1/2 → 2P
F=5/2
3/2 1639 202.9 1 17.4 830 600 - 700
µ7Li2+ 2SF=21/2 → 2PF=33/2 1644 203.5 3/2 18.8 830 600 - 650
µ9Be3+ 2SF=21/2 → 2PF=33/2 5213 204.2 3/2 106.5 150 830 - 1030
electrons that are kicked out of the carbon foils by the muon are separated inside a ~E × ~B
velocity filter and are subsequently detected outside the drift region using photo-multipliers. By
repeating this step in a second stack of ring electrodes a coincidence signal is generated. The
non-destructive muon detector thus acts as an arrival detector for muons (for a similar device
for ions see e. g. [126]) and is used to trigger the spectroscopy laser. All this constitutes the
existing CREMA setup used very successfully in the muH, muD and muHe measurements.
After detection, the muons leave the muon detector with an energy of ∼ 2 keV and enter the
target section. Here, they are further decelerated by either fast switching of a pulsed drift tube
(PDT), by applying a negative bias voltage to the hot vapor cell, or both. By this means, an
ultra-slow muon beam with a kinetic energy of far below 100 eV can be produced that is finally
injected into a dense cloud of lithium atoms. First estimates have shown that a vapor pressure of
1µbar (nLi ∼ 7 ·1012 atoms/cm3) should be sufficient to produce a reasonable amount of muonic
lithium ions (µ6Li2+) inside the gas target (for comparison, a target pressure of ∼2 mbar was
used for helium and we have previously stopped muons in a hydrogen gas pressure as low as
0.063 mbar [127]). This corresponds to a temperature of the heat pipe of about 300 ◦C to 500 ◦C.
To protect the surroundings from damages through these high temperatures, the installation of
a dedicated cooling system combined with heat shields is foreseen. For detection of the muonic
X-rays a stack of CdTe detectors [128] promise to be a good choice, reaching similar or better
performance as the APDs used before [129, 130, 131]. They provide a detection efficiency of up
to 100 %, with excellent energy and time resolution. In addition, the inner part of the target
section needs to be transparent at ELiKα = 18.7 eV. In contrast to the Lamb shift experiments, the
cavity for the spectroscopy laser will be installed slightly tilted from the beam axis to provide a
good overlap with the target ions (see Fig. 7).
5. Beryllium
5.1. Nuclear charge radii
The isotopic chain of beryllium contains the proton-rich isotope 7Be, the stable or reference
isotope 9Be, and the neutron-rich isotopes 10, 11, 12Be. Their nuclear charge radii have been
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Figure 7. Schematic drawing of the proposed lithium apparatus inside the 5 T magnet of
the low-energy muon beamline (not to scale). PDT: pulsed drift tube, MEC: muon extraction
channel.
measured to high precision in the last years by frequency-comb assisted laser spectroscopy
[132, 133]. The measurements were motivated by the fact that the singly charged beryllium
ion is ideally suited for tests of many-body bound-state QED calculations in three-electron
systems and nuclear structure calculations. This has led to e. g. sophisticated cluster models of
the proton and neutron distribution inside the beryllium nuclei, with major interest in the two
halo nuclei 11, 12Be. A detailed overview of the nuclear structure of beryllium is provided by
Krieger and co-workers [133].
The current literature value for the charge radius of the anchor nucleus 9Be (r
9Be
E =
2.519(12) fm) has been determined in 1972 [20]. Here, we propose to improve the precision of
this value by an order of magnitude using muonic beryllium ions (µ9Be2+), while, in principle,
laser spectroscopy of muonic beryllium would allow for a 100-fold improvement, the accuracy
will be limited by the current level of nuclear polarizability calculations. At the same time, a
new reference value would lead to a direct improvement of the precision of the charge radii in
the whole isotopic sequence by a factor of ∼ 2.
5.2. Experimental approach
The concept of a hot vapor cell cannot be applied for beryllium. Therefore, we investigate the
use of a cold beryllium ion crystal confined in a variation of a Penning(-Malmberg) trap as a
dense target. In the following we made a simple estimate of the expected muon capture rate
and event rate achievable with this approach. Hereby, the length Lp and the density n
Be of
the cigar shaped ion crystal are crucial parameters that enter the calculations. We simplified
the calculations by considering a muon traversing many times a unit cell of an ion crystal, as
depicted in Fig. 8. Assuming a homogeneous flux of muons entering one unit cell of length a of
a simple cubic crystal lattice3 (see Fig. 8 left), the probability wµ for the production of a muonic
atom is given by
wµ(E
µ
kin) =
σµ(E
µ
kin)
Asc
, (13)
where Asc = a × a is the geometrical cross section of the unit cell and σµ(Eµkin) is the muon
capture cross section. For e.g. a = 10µm and σµ(1 eV) ∼ 200 a20 [134], we find wµ ∼ 5 · 10−9,
where the muon’s kinetic energy is assumed to be constant throughout the scattering process.
3 Note: In a real ion crystal confined in a Penning trap the geometrical structure of the lattice might be different.
However, at this point the assumption is sufficient to estimate the muon capture rate.
The muon beamline usually provides 1 000 muons per second with energies of ∼ 1 keV. When
assuming a deceleration efficiency from 1 keV to 1 eV of 80 % and a length of the plasma column
of 15 cm, the muon capture rate amounts to wµ(1 eV) ∼ 5 · 10−2 per second.
The above mentioned assumption of 10µm for the length of the unit cell results from the fact
that 10 % of the Brillouin density (maximum achievable ion density in the crystal),
nBeB = 2.96 · 108
(
B
1 T
)2
[cm−3], (14)
was assumed. For comparison, in [135] a steady-state confinement of up to 109 magnesium ions
on a timescale of weeks in a Penning-Malmberg trap was achieved, with densities of up to 20 %
of nB. By taking this as a benchmark and by considering that the muons will loose some energy
through Coulomb collisions with the beryllium ions, leading to a strong increase of the capture
cross section, one could hope for a muon capture rate of about one muon per second. This
corresponds to about one laser-induced X-ray event per hour. Here, we have further taken into
account the 2S population probability of 3 % and an X-ray detection efficiency of 60 %.
To determine the energy loss of a single muon inside a large beryllium ion crystal we have
performed preliminary simulations of the stopping process. Our model is different from those
in literature (see e.g. [136, 137]) and is mainly based on two assumptions: the muon trajectory
is repeatedly computed only within one unit cell and interactions with neighboring ions are (so
far) neglected. These assumptions are made to reduce the computation time tremendously.
The right part of Fig. 8 shows the energy loss of a muon transversing an ion crystal with an
initial energy of 1 eV. Single collisions with a target ion take place on a timescale of 0.25 ns,
indicated by a temporal energy increase. The total energy loss for soft collisions within one µs
is less than 0.1 % of the muon’s kinetic energy and thus can be neglected. Occasionally hard
collisions (not shown in Fig. 8) occur, leading to an energy reduction of some meV.
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Figure 8. Left: Simplified picture of the scattering process and involved quantities. Right:
Kinetic energy of a muon while passing through a beryllium ion crystal. The timescale of the
stopping process is chosen to be half of the muon’s lifetime. At a kinetic energy of 1 eV this
corresponds to a path length of about 4 cm and 3 000 collisions. The blue data points show the
kinetic energy after passing one unit cell, whereas the red data points show the kinetic energy
of the muon after each time step.
Antiprotons, such as the slow p¯ beam soon available at CERN’s new ELENA (Extra Low
ENergy Antiprotons) facility [138] would be the ideal test of the capture process and may pave
the way to novel investigations of antiprotonic atom research using cold ions stored in a Penning
trap as a target. Upon capture, the fingerprint in the time spectra of the annihilation of an
antiproton could be used to measure the formation rate of e. g. antiprotonic beryllium p¯9Be3+.
Such results would represent an important benchmark for the proposed studies with muonic
beryllium.
6. Conclusion
In recent years, laser spectroscopy of muonic atoms has become an indispensable tool for
resolving the nuclear structure of light nuclei. New values for the absolute charge radii were
obtained by this means, which in case for the proton and deuteron show a large discrepancy
compared to the CODATA-2014 world average values based on electronic systems. Thus, in this
work we have summarized the current literature values for the nuclear charge radii of the lightest
elements ranging from hydrogen to beryllium. In addition, we have proposed new measurements
of the Lamb shift in muonic lithium and beryllium in order to provide new independent absolute
charge radii of these elements with improved accuracy. Being able to stop muons in a Penning
trap to form muonic ions, as proposed for muonic beryllium, would enable a wealth of new
measurements with virtually any stable or long-lived isotope, by means of sympathetic cooling
of an ion crystal using Be+, Ca+, Mg+ or similar cooling ions.
Confronting these radii with results from precision measurements in electronic atoms and
elastic electron or muon scattering measurements will allow new tests of QED and the Standard
Model. In the case of agreement, the combination of electronic and muonic measurements will
dramatically improve our understanding of nuclear charge (and magnetic Zemach) radii, and
nuclear polarizabilities [83, 95, 96, 139]. Further, we have presented our approaches towards a
precision measurement of the ground-state hyperfine splitting in muonic hydrogen and helium.
Acknowledgments
We thank O. Tomalak for summarizing the contributions to the ground-state hyperfine splitting
in muonic hydrogen. Further, fruitful discussions with S. Bacca, N. Barnea, C. Carlson,
M. Gorchtein, K. Pachucki, V. Pascalutsa and M. Vanderhaeghen are highly acknowledged. We
thank the support of the Cluster of Excellence PRISMA, the Swiss National Foundation, Projects
200021L 138175 and 200021 165854, of the European Research Council ERC CoG. #725039 and
StG. #279765, of the Deutsche Forschungsgemeinschaft DFG GR 3172/9-1, of the program PAI
Germaine de Stae¨l no. 07819NH du ministe`re des affaires e´trange`res France, the Ecole Normale
Supe´rieure (ENS), UPMC, CNRS, and the Fundac¸a˜o para a Cieˆncia e a Tecnologia (FCT,
Portugal) through project PTDC/FIS-NUC/1534/2014).
References
[1] E. Rutherford, the London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science 21(125),
669-688, (1911)
[2] K. Blaum, Phys. Rep. 425(1), 1-78 (2006)
[3] K. Blaum, J. Dilling and W. No¨rtersha¨user, Phys. Scr. 2013(T152), 014017 (2013)
[4] P. Filianin, S. Schmidt, K. Blaum, M. Block, S. Eliseev et al., Phys. Lett. B, 758, 407-411 (2016)
[5] K. Pachucki and U. D. Jentschura, Phys. Rev. Lett. 91, 113005 (2003).
[6] S. G. Karshenboim, Phys. Rep. 422, 163 (2005)
[7] P. J. Mohr, D. B. Newell and B. N. Taylor, (2016) J. Phys. Chem. Ref. Data 45(4), 043102 (2016)
[8] R. Pohl, F. Nez, T. Udem, A. Antognini, A. Beyer et al. Metrologia 54, L1 (2017).
[9] A. Beyer, L. Maisenbacher, A. Matveev, R. Pohl,K. Khabarova et al., Science 358(6359), 79-85 (2017)
[10] H. Fleurbaey, S. Galtier, S. Thomas, M. Bonnaud, L. Julien et al., Phys. Rev. Lett. 120, 183001 (2018)
[11] T. Neff and H. Feldmeier, Eur. Phys. J Special Topics 156(1), 69-92 (2008)
[12] E. Arnold, J. Bonn, A. Klein, R. Neugart, M. Neuroth et al., Phys. Lett. B 281(1-2), 16-19 (1992)
[13] R. Neugart, D. L. Balabanski, K. Blaum, D. Borremans, P. Himpe et al., Phys. Rev. Lett. 101(13), 132502
(2008)
[14] L. N. Hand, D. G. Miller and R. Wilson, Rev. Mod. Phys. 35, 335 (1963)
[15] J. C. Bernauer, P. Aschenbach, C. Ayerbe Gayoso, R. Bo¨hm, D. Bosnar et al., Phys. Rev. Lett. 105, 242001
(2010)
[16] X. Zhan, K. Allada, D. S. Armstrong, J. Arrington, W. Bertozzi et al., Phys. Lett. B, 705(1-2), 59-64 (2011)
[17] I. Sick, J. Phys. Chem. Ref. Data 44, 031213 (2015)
[18] C. S. Wu and L. Wilets, Annu. Rev. Nucl. S., 19(1), 527-606 (1969)
[19] I. Angeli and K. P. Marinova, At. Data and Nucl. Data Tables 991), 69 (2013)
[20] J. A. Jansen, R. T. Peerdeman and C. De Vries, Nucl. Phys. A, 188(2), 337-352 (1972)
[21] W. No¨rtersha¨user, T. Neff , R. Sa´nchez and I. Sick, Phys. Rev. C 84(2), 024307 (2011)
[22] P. Abbon, E. Albrecht, V. Y. Alexakhin, Y. Alexandrov, G. D. Alexeev et al., Nucl. Instr. Meth. Phys. Res.
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 577(3), 455-518 (2007)
[23] R. Gilman, AIP Conference Proceedings 1563(1), 167-170 (2013)
[24] R. Pohl, A. Antognini, F. Nez, F. D. Amaro, F. Biraben et al., Nature, 466(7303), 213 (2010)
[25] R. Pohl, R. Gilman, G. A. Miller and K. Pachucki, Ann. Rev. Nucl. Part. Sci. 63, 175 (2013)
[26] J. C. Bernauer and R. Pohl, Sci. Am., 310, 18-25 (2014)
[27] J. L. Friar, Precision Physics of Simple Atomic Systems (pp. 59-79), Springer, Heidelberg (2003)
[28] A. C. Mueller, F. Buchinger, W. Klempt, W. W. Otten, R. Neugart et al., Nucl. Phys. A 403(2), 234-262
(1983)
[29] L. B. Wang, P. Mu¨ller, K. Bailey, G. W. F. Drake, J. P. Greene et al., Phys. Rev. Lett. 93(14), 142501 (2004)
[30] R. Sa´nchez, W. No¨rtersha¨user, G. Ewald, D. Albers, J. Behr et al., Phys. Rev. Lett. 96(3), 033002 (2006)
[31] P. Mu¨ller, I. A. Sulai, A. C. C. Villari, J. A. Alca´ntara-Nu´n˜ez, J. A., R. Alves-Conde´ et al., Phys. Rev. Lett.,
99(25), 252501 (2007)
[32] A. Beyer, J. Alnis, K. Khabarova, A. Matveev, C. G. Parthey et al., Ann. Phys., 525(8-9), 671-679 (2013)
[33] E. Zavattini, Lect. Notes Phys. 43, 370 (1975)
[34] A. Antognini, F. Nez, K. Schuhmann, F. D. Amaro, F. Biraben et al., Science, 339(6118), 417-420 (2013)
[35] M. I. Eides, H. Grotch and V. A. Shelyuto, Theory of light hydrogenic bound states (Vol. 222). Springer
(2007)
[36] I. Sick, and D. Trautmann, Phys. Rev. C 89(1), 012201 (2014)
[37] R. J. Hill and G. Paz, Phys. Rev. D 82, 113005 (2010)
[38] I. Sick, Prog. Part. Nucl. Phys. 67, 473 (2012)
[39] C. E. Carlson and B. C. Rislow, Phys. Rev. D, 86(3), 035013 (2012)
[40] C. E. Carlson, Progress in Particle and Nuclear Physics, 82, 59-77 (2015)
[41] A. Antognini, K. Schuhmann, F. D. Amaro, P. Amaro, M. Abdou-Ahmed et al., EPJ Web of Conferences
113, 01006 (2016)
[42] J. C. Bernauer M. O. Distler, J. Friedrich, T. Walcher, P. Achenbach et al., Phys. Rev. C, 90(1), 015206
(2014)
[43] G. Lee, J. R. Arrington and R. J. Hill, Phys. Rev. D, 92(1), 013013 (2015)
[44] A. Huber, T. Udem, B. Gross, J. Reichert, M. Kourogi et al., Phys. Rev, Lett. 80(3), 468 (1998)
[45] C. G. Parthey, A. Matveev, J. Alnis, R. Pohl, T. Udem et al., Physi. Rev. Lett. 104(23), 233001 (2010)
[46] U. D. Jentschura, A. Matveev, C.G. Parthey, J. Alnis, R. Pohl et al., Phys. Rev. A, 83(4), 042505 (2011)
[47] K. Pachucki, V. Patko´sˇ and V. A. Yerokhin, arXiv:1803.10313 (2018)
[48] A. A. Amroun, V. Breton, J. M. Vacedon, B. Frois, D. Goutte et al., Nucl. Phys. A 579(3-4), 596-626 (1994)
[49] E. Epelbaum, A. Nogga, W. Gloeckle, H. Kamada, U. G. Meißner et al., Phys. Rev. C, 66(6), 064001 (2002)
[50] K. Hebeler and A. Schwenk, Physical Review C, 82(1), 014314 (2010)
[51] M. Piarulli, L. Girlanda, L. E. Marcucci, S. Pastore, R. Schiavilla et al., Phys. Rev. C 87(1), 014006 (2013)
[52] J. Vanasse, Phys. Rev. C 95(2), 024002 (2017)
[53] R. Coˆte´, M. J. Jamieson, Z. C. Yan, N. Geum, G. H. Jeung et al., Phys. Rev. Lett., 84(13), 2806 (2000)
[54] R. DeCarvalho, N. Brahms, B. Newman, J. M. Doyle, D. Kleppner et al., Can. J. Phys., 83(4), 293-300
(2005)
[55] J. T. M. Walraven, J. Dalibard, J. M. Raimond, and J. Zinn-Justin, Fundamental Systems in Quantum
Optics. Les Houches Session LIII, 485-544 (1992)
[56] J. T. M. Walraven and I. F. Silvera, Rev. Sci. Instr., 53(8), 1167-1181 (1982)
[57] A. C. Zemach, Phys. Rev. 104, 1771 (1956)
[58] O. Tomalak, private communications.
[60, 61, 62, 63, 64, 65, 66, 67, 68]. The contributions from QED [35], weak [69] and hadronic vacuum
polarization [70, 59] are also included in the first terms. Meson exchange contributions [71, 72, 73, 74] have
been discussed. These contributions are however already included in the two photon exchange contributions
computed dispersively [75, 76, 77]
[59] C. Peset and A. Pineda, J. High Energy Phys., 2017(4), 60 (2017)
[60] R. N. Faustov and A. P. Martynenko, Phys. Atom. Nucl., 65(2), 265-270 (2002)
[61] R. N. Faustov, I. V. Gorbacheva and A. P. Martynenko, In Saratov Fall Meeting 2005: Laser Physics and
Photonics, Spectroscopy and Molecular Modeling VI, 6165, 61650M (2006)
[62] A. P. Martynenko, Phys. Rev. A, 71(2), 022506 (2005)
[63] C. E. Carlson, V. Nazaryan and K. Griffioen, Phys. Rev. A, 78(2), 022517 (2008)
[64] C. E. Carlson, V. Nazaryan and K. Griffioen, Phys. Rev. A, 83(4), 042509 (2011)
[65] F. Hagelstein and V. Pascalutsa, arXiv preprint arXiv:1511.04301, (2015)
[66] O. Tomalak, Eur. Phys. J. C 77(12), 858 (2017)
[67] O. Tomalak, Eur. Phys. J. A 54(1), 3 (2018)
[68] F. Hagelstein, R. Miskimen, V. Pascalutsa, Prog. Part. Nucl. Phys. 88, 2997 (2016)
[69] M. I. Eides, Phys. Rev. A 85(3), 034503 (2012)
[70] F. Hagelstein, ”Exciting Nucleons in Compton Scattering and Hydrogen-Like Atoms.” arXiv preprint
arXiv:1710.00874 (2017)
[71] A. E. Dorokhov, N. I. Kochelev, A. P. Martynenko, F. A. Martynenko and A. E. Radzhabov, Phys. Lett. B
776, 105 (2018)
[72] A. E. Dorokhov, N. I. Kochelev, A. P. Martynenko, F. A. Martynenko and R. N. Faustov, Physics of Particles
and Nuclei Letters 14(6), 857-864 (2017)
[73] F. Hagelstein, arXiv preprint arXiv: 1801.09790 (2018)
[74] V. Lensky, F. Hagelstein, V. Pascalutsa and M. Vanderhaeghen, Phys. Rev. D, 97(7), 074012 (2018)
[75] V. Pascalutsa, private communications.
[76] A. Pineda, private communications.
[77] M. Vanderhaeghen, private communications.
[78] L. Essen, R. W. Donaldson, M. J. Bangham and E. G. Hope, Nature, 229(5280), 110 (1971)
[79] A. Dupays, A. Beswick, B. Lepetit, C. Rizzo and D. Bakalov, Phys. Rev. A, 68(5), 052503 (2003)
[80] A. V. Volotka, V. M. Shabaev, G. Plunien and G. Soff, Eur. Phys. J. D - Atomic, Molecular, Optical and
Plasma Physics, 33(1), 23-27 (2005)
[81] J. L. Friar and I. Sick, Phys. Lett. B, 579(3-4), 285-289 (2004)
[82] M. O. Distler, J. C. Bernauer and T. Walcher, Phys. Lett. B, 696(4), 343-347 (2011)
[83] A. Antognini, F. Kottmann, F. Biraben, P. Indelicato, F. Nez et al., Annals of Physics, 331, 127-145 (2013)
[84] A. Adamczak, D. Bakalov, L. Stoychev and A. Vacchi, Nucl. Instr. Meth. B 281, 72 (2012)
[85] Y. Ma, K. Ishida, M. Iwasaki, Y. Matsuzaki, Y. Oishi, S. Okada et al., Int. J. Mod. Phys. A: Conference
Series 49, 1660046 (2016)
[86] A. Adamczak, G. Baccolo, D. Bakalov, G. Baldazzi, R. Bertoni, M. Bonesini et al., J. Instrum. 11(05),
P05007 (2016)
[87] A. Antognini et al., Hyperfine splittings in muonic hydrogen and 3He, experimet proposal (2016)
[88] A. Antognini et al., Status Report (Jan. 2018) for PSI Experiment R-16-02.1 (2018)
[89] J. S. Cohen, Phys. Rev. A 43, 4668 (1991)
[90] D. J. Abbott, G. F. Chen, P. Guss, A. D. Hancock, J. Kraiman et al., Phys. Rev. A 55(1), 214 (1997).
[91] M. Brodeur, T. Brunner, C. Champagne, S. Ettenauer, M. J. Smith et al., Phys. Rev. Lett. 108(5), 052504
(2012)
[92] I. Sick, Phys. Rev. C 77, 041302(R) (2008)
[93] I. Sick, Phys. Rev. C 90, 064002 (2014)
[94] A. Antognini, F. Biraben J. M. R. Cadroso, D. S. Covita, A. Dax et al., Can. J. Phys. 89(1),47 (2010)
[95] B. Franke, J. J. Krauth, A. Antognini, M. Diepold, F. Kottmann et al., Eur. Phys. J. D, 71(12), 341 (2017)
[96] M. Diepold, B. Franke, J. J. Krauth, A. Antognini, F. Kottmann et al., arXiv 1606.05231 (2016)
[97] N. Nevo Dinur, C. Ji, S. Bacca and N. Barnea, Phys. Lett. B 755, 380 (2016)
[98] D. Shiner, R. Dixson and V. Vedantham, Phys. Rev. Lett. 74(18), 3553 (1995)
[99] R. van Rooij, J. S. Borbely, J. Simonet, M. D. Hoogerland, K. S. E. Eikema et al., Science 333(6039), 196
(2011)
[100] P. C. Pastor, L. Consolino, G. Giusfredi, P. De Natale, M. Inguscio et al., Phys. Rev. Lett. 108(14), 143001
(2012)
[101] V. Patko´sˇ, V. A. Yerokhin and K. Pachucki, Phys. Rev. A 94(5), 052508 (2016)
[102] V. Patko´sˇ, V. A. Yerokhin and K. Pachucki, Phys. Rev. A 95(1), 012508 (2017)
[103] R. J. Rengelink, Y. van der Werf, R. P. M. J. W. Notermans, R. Jannin, K. S. E. Eikema et al., arXiv
preprint arXiv:1804.06693 (2018)
[104] I. Sick. Phys. Rev. C 90(6), 064002 (2014)
[105] A. Martynenko, Phys. Rev. A 71, 022506 (2005)
[106] P. Ackerbauer, D. V. Balin, V. M. Baturin, G. A. Beer, W. H. Breunlich et al., Phys. Lett. B 417(3), 224
(1998)
[107] P. Strasser, K. Shimomura and H. A. Torii, Proceedings of the 14th International Conference on Muon Spin
Rotation, Relaxation and Resonance (µSR2017) (2018)
[108] H. P. von Arb, F. Dittus, H. Heeb, H. Hofer, F. Kottmann et al., Phys. Lett. B 136(4), 232 (1984)
[109] Z. C. Yan and G. W. F. Drake, Phys. Rev. Lett., 79(9), 1646 (1997)
[110] D. Das and V. Natarajan, Phys. Rev. A, 75(5), 052508 (2007)
[111] R. C. Brown, S. Wu, J. V. Porto, C. J. Sansonetti, C. E. Simien,et al., Phys. Rev. A, 87(3), 032504 (2013)
[112] G. Ewald, W. No¨rtersha¨user , A. Dax, S. Go¨tte, R. Kirchner, et al., Phys. Rev. Lett. 93(11), 113002 (2004)
[113] R. Pohl, H. Daniel, F. J. Hartmann, P. Hauser, Y. W. Liu et al., Hyperfine Interact. 138(1-4), 35-40 (2001)
[114] G. W. F. Drake and L. L. Byer, Phys. Rev. A 32, 713 (1985)
[115] A. Antognini, F. D. Amaro, F. Biraben, J. M. R. Cardoso, C. A. N. Conde et al., Opt. Commun. 253(4-6),
362 (2005)
[116] A. Antognini, K. Schuhmann, F. D. Amaro, F. Biraben, A. Dax et al., IEEE J. Quantum Electron 45(8),
993-1005 (2009)
[117] R. Swainson and G. W. F. Drake, Phys. Rev. A 34, 620 (1986)
[118] A. Krutov, A. Martynenko, F. Martynenko and O. S. Sukhorukova, Phys. Rev. A 94(6), 062505 (2016)
[119] R. Pohl, H. Daniel, F. J. Hartmann, P. Hauser, F. Kottmann et al., Phys. Rev. Lett., 97(19), 193402 (2006)
[120] H. P. Von Arb, F. Dittus, H. Heeb, H. Hofer, F. Kottmann et al., Phys. Lett. B, 136(4), 232-236 (1984)
[121] C. R. Vidal and J. Cooper, J. Appl. Phys., 40(8), 3370-3374 (1969)
[122] C. R. Vidal and F. B. Haller, Rev. Sci. Instr., 42(12), 1779-1784 (1971)
[123] M. Bacal and W. Reichelt, Rev. Sci. Instr., 45(6), 769-772 (1974)
[124] L. M. Simons, Phys. Bl. 48, 261 (1992)
[125] P. DeCecco, P. Hauser, D. Horvath, F. Kottmann,L. Simons et al., Nucl. Inst. Meth. A 394(3), 287 (1997)
[126] S. Schmidt, T. Murbo¨ck, Z. Andelkovic, G. Birkl, G., W. No¨rtersha¨user et al., Rev. Sci. Instr. 86(11),
113302 (2015)
[127] R. Pohl, investigation of the long-lived 2s state in muonic hydrogen, phd thesis, ETH Zu¨rich 14096 (2001)
[128] http://amptek.com
[129] L. M. P. Fernandes, A. Antognini, M. Boucher, C. A. N. Conde, O. Huot et al., Nucl. Instrum. Methods
Phys. Res. 498(1-3), 362-368 (2003)
[130] L. Ludhova, F. D. Amaro, A. Antognini, F. Biraben, J. M. R. Cardoso et al., Nucl. Instrum. Methods Phys.
Res. 540(1), 169-179 (2005)
[131] L. M. P. Fernandes, F. D. Amaro, A. Antognini, J. M. R. Cardoso, C. A. N. Conde et al., J. Instrum.,
2(08), P08005 (2007)
[132] A. Krieger, K. Blaum, M. L. Bissell, N. Fro¨mmgen, C. Geppert et al., Phys. rev. Lett. 108(14), 142501
(2012)
[133] A. Krieger, W. No¨rtersha¨user, C. Geppert, K. Blaum, M. L. Bissell et al., In Exploring the World with the
Laser (pp. 175-205). Springer, Cham. (2018)
[134] J. S. Cohen, Rep. Prog. Phys. 67(10), 1769 (2004)
[135] E. M. Hollmann, F. Anderegg and C. F. Driscoll, Phys. Plasmas 7(7), 2776-2789 (2000)
[136] M. Bussmann, U. Schramm, D. Habs, V. S. Kolhinen and J. Szerypo, Int. J. Mass Spectrom. 251(2-3),
179-189 (2006)
[137] L. Hilico, J. P. Karr, A. Douillet, P. Indelicato, S. Wolf, S. et al., Int. J. Mod. Phys. A: Conference Series
30, 1460269) (2014)
[138] S. Maury, W. Oelert, W. Bartmann, P. Belochitskii, H. Breuker et al., Hyperfine Interact. 229(1-3), 105-115
(2014)
[139] J. J. Krauth, M. Diepold, B. Franke, A. Antognini, F. Kottmann et al., Ann. Phys., 366, 168-196 (2016)
